Abstract Cells proliferate by division into similar daughter cells, a process that lies at the heart of cell biology. Extensive research on cell division has led to the identification of the many components and control elements of the molecular machinery underlying cellular division. Here we provide a brief review of prokaryotic and eukaryotic cell division and emphasize how new approaches such as systems and synthetic biology can provide valuable new insight.
''Any system capable of replication and mutation is alive '', wrote Alexander Oparin in 1961 (Popa 2004 . Indeed, replication is one of the central features that defines a living object (Trifonov 2011) . Through replication, copies of a living organism are generated. An important principle in biology is that cells replicate by division. Unicellular organisms typically replicate by symmetric division while multi-cellular organisms often replicate by an initial cell fusion followed by development of a multicellular individual through many cycles of cell division, starting from that primary cell.
Division poses an array of daunting challenges to the cell. As cell division typically leads to two very similar daughter cells, the primary cell has to grow and synthesize enough biological material for generating two cells. This includes duplicating the genome and segregating the two genomes to both cell halves for an even distribution to the two daughter cells (Fig. 1 ). This is a nontrivial task as the physical size of the genome is many orders of magnitude larger than that of the cell, necessitating a strong condensation through DNA-binding proteins and DNA supercoiling. For segregation, a number of intriguing mechanisms have been proposed, including entropic segregation (Jun and Mulder 2006) , force-driven segregation (Dworkin and Losick 2002) , and a Brownian ratchet coupling to protein waves (Di Ventura et al. 2013) . Interestingly, in bacteria, the genome orientation remains invariant after segregation (Toro and Shapiro 2010) . After segregation of the DNA, bacterial division occurs via the formation of a mid-cell septum and a centripetal invagination of the cell membrane (Fig. 2a) . A conserved molecular machinery is responsible for this process, although morphological differences exist among bacterial species.
In eukaryotic cells, the vast majority of the genetic material is located within the membrane-encapsulated nucleus. Next to doubling the genome, cell division involves the distribution and the organization of the chromosomal mass (in a process called mitosis) and the formation of two new nuclei, as well as the distribution of the cytoplasm among the two daughter cells (Fig. 2b-d) . Segregation of the chromosomes is conducted by an apparatus called the mitotic spindle which is composed of a large set of proteins. During mitosis, the chromosomes are tightly controlled to evenly segregate so that the resulting daughter cells have the same amount of chromosomes. In exceptional cases (e.g. in the formation of sperms and oocytes), division occurs without chromosome duplication, which leads to the formation of cells with half the amount of chromosomes of the primary cell (in a process called meiosis).
While the above modes of division are the most common, cell division can also occur asymmetrically, leading to the generation of daughter cells with a molecular composition that is different from the mother (Gonczy 2008) . Under physiological conditions, asymmetric cell division involves a symmetric division of the genetic material followed by an asymmetric division of the cytosol. Asymmetric division of the genetic material is typically pathologic and occurs in cancer cells.
While cell division-symmetric or asymmetric-typically yields two daughter cells, multi-daughter cell division also occurs in biology, though with low occurrence. For instance, protozoans of the genus Plasmodium commonly undergo division into three or more cells. In engineered environments, multi-daughter divisions can be induced by confinement (Tse et al. 2012) . Such daughter cells often suffer from chromosomal abnormalities, so-called aneuploidy. Multi-polar mitosis and aneuploidy are frequently observed in cancer cell divisions (Kops et al. 2005; Vitale et al. 2010) . Here the spindle apparatus adopts a multipolar configuration, in contrast to a typical bi-polar structure. Multi-polar segregation of genetic material may be associated with multipolar cytokinesis, bipolar cytokinesis or no cytokinesis (Gisselsson et al. 2010 ).
Dissecting cell division
Since the first observations of cell division early in the 19th century, the process has been studied using a large variety of microscopic, genetic and biochemical approaches, which has led to important advances in our understanding (Table 1) . In parallel to these classic approaches, cell division is increasingly being examined with biophysical methods, both theoretically and experimentally (Bassereau et al. 2012) . To name just one example, forces acting on spindle poles can be probed by cutting the mitotic spindle in living cells undergoing division (Grill et al. 2001) .
New approaches to biology, namely systems biology and synthetic biology, have recently emerged that are also increasingly used to study cell division. The systems biology approach relies on the usage of statistical physics, probability theory and kinetics to understand the structural and dynamical complexity of biology at the full system level. Systems biology integrates large data sets to capture how function is generated from its components. Synthetic biology, on the other hand, involves building and engineering biological or biology-inspired components that are subsequently studied inside or outside of the cell. In this way it aims at developing a range of useful applications as well as at understanding how biological complexity emerges from its components. A common approach in synthetic biology is to build in vitro synthetic systems. Synthetic variants of biological systems provide a great opportunity to decode the constraints imposed by the complexity of natural evolved biological systems. The two approaches provide important complementary information about cell division.
Systems biology approach to cell division
Traditionally, biochemistry and molecular biology examine the properties of the biomolecules in bulk. With singlemolecule techniques, biophysicists can now study the properties of even single biomolecules in details. To understand the supramolecular functional properties of living organisms, of which replication is an example, one needs to know, however, not only which molecules are involved and how they function, but also which are the many interactions between them (Jeong et al. 2001; Mashaghi et al. 2004 ). In the systems approach to biology, properties of biomolecular networks are studied with an emphasis on the dynamics of the molecular networks at the system level.
Systems biology of cell division is an emerging research field. We still do not know all of the genes and proteins (Karimova et al. 2005) , protein interactions bring together the binding and activating domains of a transcription factor that turns on a reporter gene). For an extensive review of the raw interaction data that were used to build this interaction graph, see Egan and Vollmer (2013) . (Color figure online) required for cell division, let alone that we know how all the components interact to give rise to a well-orchestrated cell division. A major step towards unraveling the molecular network underlying cell division came from the Mitocheck project: Using a high-throughput phenotypic screening platform combining gene silencing by RNA interference, time-lapse microscopy and computational image processing, all human genes were screened for their involvement in cell division (Neumann et al. 2010) . With the availability of data from such high-throughput studies, the next challenge will be to extract useful system-level information from the data, particularly in the direction of understanding the orchestration of the cell division. Some steps have recently been taken towards understanding the regulatory coordination of cell division events, with, for example, the discovery of positive feedback loops responsible for cell-cycle synchronization (Santos and Ferrell 2008 ). An integrated analysis of existing biochemical, genetic and protein interaction data has just started to shed light on the hierarchical recruitment of division components (Egan and Vollmer 2013) as well as the structure of protein-protein interaction network that conducts the cell division (Fig. 3) . Another important topic in systems biology of cell division is the connection between the cell cycle and cell growth. For some cell types, the cell size increases to a threshold, beyond which division occurs (Leslie 2011) . For other cells, however, there is no critical size but rather a critical growth rate (Son et al. 2012 ) at which cell division occurs. Furthermore, on rare occasions, cells duplicate their genomes, sometimes even multiple times, without dividing.
These cells are called polyploids and are commonly seen in plants, the animal kingdom (Sher et al. 2013 ) and in human cancers (Storchova et al. 2006) . With the development of new technologies (such as microfluidics systems with a mass sensor), precise monitoring of cell size has become possible (Son et al. 2012) . Considering the ongoing systems biology research on cell growth (Ferrezuelo et al. 2012 ) and metabolism (Slavov et al. 2011 ), a better understanding of the interplay between cell growth and division can be expected in the near future. The systems approach can also be used to address epigenetic factors. Recent evidence, for example, indicates a connection between cell cycle dynamics and circadian rhythm (Kowalska et al. 2013 ). For example a nuclear protein is found to convey circadian gating to the cell cycle (Kowalska et al. 2013) . Importantly the circadian clock is known to govern processes such as sleep, functioning of the gastrointestinal, respiratory and cardiovascular systems (Gachon et al. 2004) . The discovery of the circadian gating of the cell cycle thus raises questions about connections between irregular sleep, meal times and health.
Synthetic biology approach to cell division
As one of the fundamental processes of life, cell division is of immediate interest to synthetic biologists. There are many interesting questions: What is the mechanism of cell division? Can engineering the components of the divisome help disentangling this? What are the minimal requirements for a cell to divide? Could we even engineer cellular Fig. 4 Examples that illustrate how in vitro synthetic biology can help to unravel the mechanism of the cell-division machinery. a Waves of Min proteins (involved in bacterial cell division of E. coli) on a supported lipid bilayer, from Loose et al. (2008) . Orange and green color denotes MinE and MinD proteins, respectively. Scale bar is 50 lm. b Artist's impression of microtubule asters (involved in eukaryotic cell division) that are positioned by cortical motor proteins in microfabricated chambers. Chamber size is 15 lm. Image courtesy Marileen Dogterom. The top left inset shows the experimental result, from Laan et al. (2012) . c Artistic sketch that illustrates the future dream of a vesicle with reconstituted components with an engineered minimal divisome that will cause the vesicle to divide. Image courtesy Bert Poolman. (Color figure online) division from the bottom up? And if so, how can we ensure high fidelity and multiple-cycle continuation in engineered cell division?
Efforts have been made to assemble in vitro various of the components that are critically involved in cell division, namely the cell cortex (Vogel et al. 2013) , the mitotic spindle (Hannak and Heald 2006; Guse et al. 2011) and FtsZ division rings (Jimenez et al. 2011; Cabre et al. 2013; Osawa and Erickson 2013) (Fig. 4a, b show two examples) . Assembly of an entire synthetic divisome (Fig. 4c) is very challenging and still far away, as it does require a thorough understanding of the multiple steps and physical forces involved in cell division as well as a controlled robust assembly of the full molecular system. Yet, various groups are now starting efforts in this direction.
Concluding remarks
With the rapid progress in systems analysis of cell division as well as bottom-up engineering of this process, there is growing confidence for new insights into cell division, yielding hope that this will lead to better therapeutics and improved treatment of human pathologies. Cell division is impaired in many diseases such as cancer, neurodegenative disorders, cardiovascular and rheumatologic pathologies (Zhivotovsky and Orrenius 2010) . Drugs targeting cell division, such as those targeting mitotic entry and the mitotic spindle, have been proposed and tested in animal models of cancer with remarkable success. An even better strategy turned out to be targeting mitotic exit and cytokinesis (Manchado et al. 2012; Domenech and Malumbres 2013) . So far, none of these strategies have gained clinical success in humans, but the potential of this approach is clear. Cell division inhibitors are also obvious potential antibacterial drugs (Lock and Harry 2008) . A number of molecules have recently been designed and successfully used to selectively target FtsZ, leading to division impairment and antibacterial activity (Ruiz-Avila et al. 2013) . It is our hope that systems and synthetic biology of cell division will furthermore lead to new cell-cycle based therapeutic strategies for cancers, antibiotics-resistant bacterial infections and other relevant pathologies.
This special issue on cell division provides scientists with an up-to-date selection of papers from internationally leading laboratories that, through their diversity of backgrounds, help to display the interesting complexity and variety of cell division. We hope that this thematic issue will serve as a platform that will provide insight and stimulate further discussion and follow-up research. Finally, we wish to express our sincere gratitude to the authors of the articles in this special issue.
